Introduction
Cytochrome c oxidase is a fascinating enzyme that has attracted the attention of numerous researchers over the past two decades [ 1-61. The enzyme catalyses the one-electron oxidation of cytochrome c and the four-electron reduction of molecular oxygen to water. In doing so, the enzyme electrogenically pumps protons across the inner mitochondrial membrane, thus generating a transmembrane proton electrochemical gradient. The question of how this enzyme couples the redox chemistry to the movement of protons across the membrane has been the motivation for a substantial body of research over the years. The large majority of the biochemical studies have been performed with the mammalian oxidase isolated from bovine heart. This enzyme contains 13 different subunits, three of which are encoded in the mitochondrial DNA (subunits I, I1 and 111) and ten of which are nuclear ,encoded [7] . There are four redox-active centres: haem a, haem a3, CU, and Cu,. Both haem a and haem a3 contain the same prosthetic group, haem A, whose structure is shown in Figure 1 . Haem a is ligated to the enzyme by two histidines [8, 91, whereas haem a7 has a single histidine ligand [ 101 and has an open co-ordination site where oxygen binds and is reduced to water. Other exogenous ligands such as CO also bind to haem a3. Subunit I1 has a large hydrophilic domain that projects into the mitochondrial intermembrane space and is directly involved in binding to the substrate, cytochrome c [ 1 I]. Subunit I1 also contains the CU, centre, which appears to be composed of two copper atoms [ 121 and which is the initial oxidant of cytochrome c. Each of the three other redox-active centres, haem a, haem a3 and Cu,, is located within subunit I. Cu, is located about 0.4 nm (4 A) from haem a3, and together these two constitute what is called the binuclear centre. Electrons are probably directed from Cu, to haem a and then to the binuclear centre [ 13-1 51, which provides the environment where dioxygen is reduced to water in four distinct one-electron steps. Time-resolved resonance Raman experiments with the bovine oxidase have revealed the identity and the time-course of the appearance and disappearance of each of the oxygen intermediates between 0, and H,O beautifully [16, 171 . It has also been demonstrated using the bovine oxidase that for each dioxygen reduced to water, four protons are pumped from the matrix of the mitochondrion to the intermembrane space across the inner membrane [18] . Cytochrome oxidase must, therefore, contain a transmembrane channel that conducts protons, analogous to that found in bacteriorhodopsin [ 19, 201 . Unlike bacteriorhodopsin, however, the energy required for the vectorial movement of protons is not provided by light, but rather by the free energy available from the redox chemistry catalysed by the enzyme [18] . Many speculations have been made about the molecular mechanism by which the proton pump might operate [21-2.51 , and some of these models have been eliminated by studies on the prokaryotic homologues of the mammalian oxidase [2] .
It has been recognized for many years that many bacteria contain respiratory oxidases that are analogous to the mammalian aa,-type oxidase. One of the best characterized is the cytochrome c oxidase isolated from Paracoccus denitrificaam. This prokaryotic oxidase contains the same prosthetic groups and redox centres as does the mammalian enzyme, and it has been shown to function as a proton pump as does the mitochondrial oxidase [26, 271. However, the aa,-type oxidase from I? denitrificans has only three subunits; these are homologues of the three mitochondrially encoded subunits of the eukaryotic oxidases (that is, subunits I, I1 and 111). This bacterial oxidase can also be isolated in a form lacking subunit 111, and the two-subunit form of the oxidase has full function, including proton-pumping activity [26, 271 . Hence, an important early contribution from the study of prokaryotic homologues of the eukaryotic oxidase was the identification of the minimal catalytic unit: subunits I and 11. Subunit 111 has also been demonstrated not to be essential for the function of the isolated eukaryotic oxidase [28] , although it is critical for the proper assembly of the enzyme, as is also the case for the prokaryotic enzyme [29, 301 . T o date, prokaryotic homologues of the ten nuclearencoded subunits of the mammalian oxidase have not been demonstrated. These subunits may be involved in modulating oxidase activity in a tissuespecific manner and in response to different physioVolume 21 /""' coo-\ logical conditions in a way that is unique to eukaryotes [31] . The value of the prokaryotic oxidases is that they provide a stripped-down, fully functional model of the active centres of the more complex eukaryotic counterpart. Furthermore, the prokaryotic systems provide the ability to use sitedirected mutagenesis techniques to probe the structure-function relationships in subunits I, I1 and 111.
Since in the eukaryotic systems these subunits are encoded within the mitochondrial DNA, this approach is not practical.
Over the past several years it has become clear that a number of bacterial respiratory oxidases are part of a superfamily of enzymes that includes, but is not limited to, the prokaryotic and eukaryotic aa,-type cytochrome c oxidases [ 1, 321. Since many of these bacterial oxidases do not contain haem A and many do not use cytochrome c as a substrate, this was not recognized before the genes encoding the oxidase subunits were sequenced. Research on several of these oxidases, particularly the cytochrome bo ubiquinol oxidase from Eschekhia coli [ 331, has provided additional experimental approaches that have been helpful in understanding the active site structure and catalytic mechanism of the more complex mammalian system.
The superfamily of respiratory oxidases has in common the haem-copper binuclear centre, which is the site where the oxygen chemistry is catalysed. In the prokaryotic oxidases, the haem component of the binuclear centre is not always haem A, however, but can be haem 0 [34] or haem B (Figure 1 ). In addition, prokaryotic members of the haem-copper oxidase superfamily also contain a second haem that is low spin, six-co-ordinate and analogous to the haem a component of the mitochondrial oxidases. Many bacterial oxidases also have haem A at this locus, but others contain haem B [32] . The lowspin haem component as well as the haem-copper binuclear centre are all contained within subunit I, so it is not surprising that the amino acid sequence of subunit I is very highly conserved within the superfamily [l] . For example, subunit I of the cytochrome bo quinol oxidase from E, coli is about 40% identical to that from the bovine oxidase [35] . In our laboratory, we are studying two prokaryotic haem-copper oxidases, the E. coli cytochrome bo
[33] and the aa,-type cytochrome c oxidase from
Rhodobacter sphaerouies [ 361. Each of these oxidases has been shown to pump protons [36, 37] , each can be genetically manipulated, and each has been purified to homogeneity and characterized. By examining two members of the haem-copper oxidase superfamily that differ in their haem composition and in their substrate, structural and mechanistic features that are common to the entire superfamily, including the mitochondria1 oxidases, should emerge.
Cytochrome aa3 from Rb. sphaeroides
The aa,-type oxidase from Rb. sphaeroides is a three-subunit cytochrome c oxidase [36] , very similar to the one that has been characterized from P. denitnificns. The amino acid sequence of subunit I is 50% identical to that of the bovine oxidase. The isolated oxidase has a high turnover number ( > 1600 s-'), and in reconstituted vesicles pumps 1 proton per electron, as does the bovine oxidase. The spectroscopic properties of the oxidase are also very similar to those of the bovine oxidase.
Cytochrome bo from E. coli
Cytochrome bo contains no haem A, but has one equivalent of each of haem B and haem 0 ( Figure  1) [38, 391. The six-co-ordinate haem centre is called haem b,,, (analogous to haem a), and the haem at the binuclear centre is called haem u (analogous to haem a3). Spectroscopic studies have identified the ligands both to haem b,,, and to haem u as histidines 140, 411, as has also been demonstrated for the eukaryotic oxidase. Cytochrome bo has been purified both in a four-subunit and in a five-subunit form, with equivalent properties [33] .
The identity of the fifth subunit is not clear, but subunits I, 11, I11 and IV are all encoded within the g o operon [33, 351. Subunits I, I1 and 111 are homologues of the mitochondrially encoded subunits of the eukaryotic cytochrome c oxidase. Subunit IV does not appear to be related to any of the subunits of the eukaryotic oxidases, but homologues are found in other prokaryotic oxidases [42] . The cyo operon also encodes a fifth polypeptide (the cyoE gene product), which appears to be directly involved in the conversion of haem B to haem 0 [43, 441 (Figure 1 ). Cytochrome bo from E. coli does not interact with cytochrome c but rather uses ubiquinol as a substrate. The location of the site of ubiquinol oxidation is not known. In both the prokaryotic and the eukaryotic cytochrome c oxidases, it is clear that cytochrome c interacts primarily with the hydrophilic domain of subunit I1 [ 111. In E. coli cytochrome bo and all other members of the haem-copper superfamily that are quinol oxidases, acidic residues in subunit I1 that are thought to be involved directly in binding to cytochrome c are not conserved [35] . Also, CU, is absent from the haemcopper oxidases that function as quinol oxidases [33] . The presence of Cu, correlates with the ability of members of this superfamily to function as cytochrome c oxidases. It should be noted that neither the presence of subunit IV nor the type of haem at either site within subunit I correlates with whether a prokaryotic oxidase uses either cytochrome c or quinol as its substrate.
Com bining site-directed mutagenesis and spectroscopy
Both E. coli and Rb. sphaeroides are amenable to the application of site-directed mutagenesis, and this has been the central technique in our attempts to deduce structural information about the active sites of the oxidases. Work has focused primarily on subunit I, and often the same or similar mutations have been in each oxidase to compare results. Because these are metallo-enzymes a wide range of spectroscopic techniques can be applied to assay for the presence or absence of particular prosthetic groups, and to assess the local conformation in the vicinity of the metal centres. Resonance Raman spectroscopy has been of value especially with the Rb. sphaeroides oxidase because vibrational bands associated with haem a or haem a3 can be resolved to obtain information about perturbations at either site [45] . Absorption spectroscopy and electron spin resonance spectroscopy has also been routinely used to monitor the effects of particular mutations. The use of CO as a small molecular probe for the active site of the oxidase has been of great value. CO can be shown to bind to both the haem component at the binuclear centre as well as to Cu, (at cryogenic temperatures), and the stretching frequency of the CO bond, monitored by Fourier transform infrared (f.t.i.r.) spectroscopy, is sensitive to the polarity of the local environment as well as the electronic state of the metal to which it is bound [44, 461. Mutations that perturb the binuclear centre can be evaluated by using f.t.i.r. spectroscopy of the CO adducts. Since the f.t.i.r. analysis can be performed using bacterial membranes and does not require purified oxidase, this is a particuVolume 2 I larly useful technique. Another approach uses flash photolysis to remove the bound CO from the oxidase, and then spectroscopically measures the kinetics of the recombination of CO back to the haem at the binuclear centre [24] . The rate constant for this process is sensitive to changes at the binuclear centre that result from mutations in this region of the protein. It has been the ability to apply powerful and revealing biophysical techniques to the analysis of mutants of the prokaryotic oxidases that has led to the remarkably rapid progress during the past several years in modelling the active sites of the haem-copper oxidases.
Model of subunit I
The only experimental data about the topology of subunit I of the haem-copper oxidases come from the application of gene fusion techniques using the gene encoding subunit I of E. coli cytochrome bo [47] . Regions of the polypeptide were identified that are near the periplasmic or near the cytoplasmic surface of the bacterial membrane. The results are consistent with the hydropathy profile of the subunit, and are interpreted as defining 15 transmembrane helical spans (Figure 2 ). Of these putative membrane-spanning helices, 12 are common to all the species variants of subunit I [ 11, including those from bovine heart and from Rb. sphaerozdes. Beyond these 12 transmembrane helices, subunit I from the E. coli oxidase contains an additional span at the N-terminus and two additional spans at the C-terminus.
Site-directed mutagenesis experiments have been designed to identify structurally and functionally important residues, and to obtain clues about how the putative helices shown in Figure 2 might pack together in a three-dimensional arrangement. Figure 3 
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Figure 3
View from the periplasrnic surface looking down on six of the putative transmembrane helices of subunit I of cytochrome bo
The a-helices are displayed in a helical wheel format Haem b,,, is shown between helices II and X, haem o is ligated to in helix X and Cu, is wrapped by residues in helices VI, VII and Vlll The interhelical Connection between helices IX and X is also shown 996 connection between helix IX and helix X on the periplasmic side of the membrane probably forms some kind of a cap both over the binuclear centre and over the low-spin haem. Changing residue 4 14 in the Rb. sphaeroides oxidase (tyrosine to phenylalanine) alters the spectrum of haem a. Replacing His4" by leucine in the E. coli oxidase disrupts the binuclear centre. (6) Replacing Asp'3s by asparagine eliminates the proton-pumping activity of the E. coli oxidase. This residue is located in the interhelical connection between putative helices I1 and 111, on the cytoplasmic side of the membrane. The origin of this effect is not known, but if this residue is directly involved in conveying protons through the protein, one would place it near the cytoplasmic mouth of the proposed proton-conducting channel. Other highly conserved acidic residues in subunit I appear not to be essential for oxidase activity or for proton pumping.
This three-dimensional model places all three metal centres in subunit I near the periplasmic side of the membrane, which is equivalent to the mitochondrial intermembrane space. There is a short, through-bond connection between the two haems, consistent with the observed rapid electron transfer between haems a and a3 [24] . Since the protons required to form water must come from the inside of the cell (equivalent to the mitochondria1 matrix), there must be a proton-conducting pathway from the cytoplasm to the binuclear centre. Whether this pathway is shared by those protons that are pumped to the periplasm is not known. Possibly, some of the highly conserved polar residues in helix VI (His2x4 and TyrZXX) and in helix VIII Thr3so and Thr3"?) are involved in these functions. If the gating mechanism driving the vectorial movement of protons is directly coupled to changes in the ligation of the metals at the binuclear centre, as has been suggested [23- It is evident that considerably more work is required, both to test the current model and to extend it. Resides learning more about those portions of subunit I that are not shown in Figure 3 , the role and physical location of subunit I1 within the complex needs to be addressed. New techniques will need to be developed to determine the interfacial domains where these subunits interact. It is certain that the prokaryotic systems that are now available for biochemical, biophysical and genetic manipulations will continue to play important roles in the future studies.
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Introduction
NADH:ubiquinone oxidoreductase, the respiratory complex I of mitochondria, links electron transfer from NADH to ubiquinone with translocation of protons across the mitochondrial inner membrane. One FMN and 6-8 iron-sulphur (FeS) clusters serve as prosthetic groups in this reaction. The bovine complex contains at least 41 different subunits and the complex of the fungus Neurospora crassa at least 35 subunits. The majority of these are nuclear-encoded and made in the cytoplasm, whereas the seven most hydrophobic subunits are encoded and synthesized within the mitochondrion.
The primary structures of all bovine subunits and of many A! crassa subunits are now known, and conserved sequence motifs provide information about the binding sites for the substrates and for the internal redox groups. The mechanism of the $To whom correspondence should be addressed.
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electron transfer and its link to proton translocation are, however, not understood [ 1-31. The relative simplicity of the bacterial respiratory complexes compared with their related mitochondrial counterparts [4, 5] and the ease of genetic manipulation in bacteria prompted us to search for a simpler form of complex I in Escherichia coli. Like many other eubacteria, E. coli contains two different NADH:ubiquinone oxidoreductases, a non-protonpumping, single polypeptide FAD enzyme called NADH dehydrogenase I1 [6] , and a proton-pumping NADH dehydrogenase I with FMN and with several iron-sulphur clusters. It was believed that this enzyme is related to the mitochondrial complex Here we discuss the sequence of the nu0 (NADH:ubiquinone oxidoreductase) locus of E. coli encoding the NADH dehydrogenase I, some features of the proteins derived from the nu0 genes as well as some properties of the isolated E. coli NADH dehydrogenase I. It appears that this I [7, 81.
